Abstract. Galectin-3 is a soluble endogenous lectin in vertebrates and is implicated in a variety of biological functions, including tumor cell adhesion, proliferation, differentiation, apoptosis, cancer progression and metastasis. In the present study, we analyzed the role of galectin-3 in apoptosis in human malignant lymphoma. Galectin-3 induced cell death in the HBL-2 human diffuse large B cell lymphoma cell line. A morphological examination and annexin V assays revealed that galectin-3-induced cell death is consistent with apoptosis and swainsonine, a potent inhibitor of α-mannosidase II, which catalyzes the synthesis of complex type Nlinked oligosaccharides, inhibited galectin-3-induced apoptosis in HBL-2 cells. These results suggest that galectin-3 induces apoptosis in HBL-2 cells by interacting with cell surface Nlinked oligosaccharides. Furthermore, treatment of cells with Vibrio Cholerae neuraminidase enhanced galectin-3-induced apoptosis, suggesting that cell surface sialylation regulates galectin-3-induced apoptosis in human B cell lymphoma. In conclusion, our results indicate that galectin-3-induced apoptosis is regulated by cell surface expression of N-glycans and sialic acid in human diffuse large B cell lymphoma. This mechanism may be involved in the malignant behavior of human lymphoma cells.
Introduction
Galectin is a family of endogenous mammalian ß-galactosidebinding lectins that appears to be involved in a variety of biological functions (1) (2) (3) (4) . Galectin also regulates cell growth (5), cell adhesion, differentiation and cell death (6) (7) (8) (9) (10) (11) . It has been revealed that some galectins are involved in apoptosis.
For example, galectin-1 and galectin-9 induce apoptosis of T and B lymphoma and melanoma cells (6) (7) (8) (9) (10) (11) (12) (13) (14) .
Galectin-3 is expressed in anaplastic large B cell lymphoma and diffuse large B cell lymphoma (DLBCL) (15, 16) . Intracellular galectin-3, a novel anti-apoptotic molecule containing a bcl-2 family BH1 (NWGR) domain, inhibits cytochrome c release from mitochondria (17, 18) . In contrast, secreted extracellular galectin-3 can induce apoptosis by interacting with terminal galactose residues on cell surface glycans (19) . In addition, N-glycans on CD45 are reported to regulate galectin-1-induced death of T cells (13) and an alteration in N-glycans on the cell surface can regulate cell death in DLBCL by interacting with galectin-1 (20, 21) .
Unlike galectin-1, the relationship of galectin-3 with cell surface N-glycans in human B cell lymphoma has not been elucidated. In the present study, we therefore examined the role of N-glycans and cell surface sialylation in galectin-3-induced cell death in HBL-2 human DLBCL cells.
Materials and methods
Cell line. The HBL-2 cell line was established in our laboratory from a patient with DLBCL (22) . HBL-2 cells were grown in RPMI-1640 containing 15% fetal calf serum at 37˚C in 5% CO 2 .
Reagents. Human recombinant galectin-3 was obtained from R&D Systems, USA. Swainsonine (SW) was from Sigma, (St. Louis, MO, USA). The following biotinylated lectins were purchased from EY Laboratories (San Mateo, CA, USA): Phaseolus vulgaris leukoagglutinating lectin (L-PHA), peanut agglutinin (PNA) and Limax flavus agglutinin (LFA), a sialic acid-specific lectin. Avidin-FITC was from Vector Laboratories, Inc. (Burlingame, CA, USA). Neuraminidase from Vibrio Cholerae was from Roche, Germany.
Lectin flow cytometry. HBL-2 cells (1x10 7 ) were incubated at 37˚C for 24 h in 20 ml RPMI/15% fetal calf serum containing 4 μl of 0.5 μg/μl SW in ethanol (final concentration 0.1 μg/ ml). Controls were incubated under the same conditions except with 4 μl of ethanol in place of the SW solution. Then, the cells were suspended in 100 μl phosphate-buffered saline (PBS) and incubated at 4˚C for 20 min with 5 μl biotinylated lectin, L-PHA, or PNA, washed twice with PBS, incubated at 4˚C for 20 min with 5 μl avidin-FITC, and washed twice with PBS. Fluorescence intensities were analyzed with a FACS Calibur (Becton-Dickinson, Mountain View, CA, USA) (20) .
To analyze cell surface sialylation, 5x10 6 cells were incubated at 37˚C for 30 min in 200 μl of RPMI-1640 containing 15% fetal calf serum and 40 μl of 1 U/ml Vibrio Cholerae neuraminidase (Boehringer Mannheim, Germany; final concentration 0.2 U/ml) before incubation with biotinylated LFA. Then, the cells were suspended in 100 μl PBS, incubated at 4˚C for 20 min with 5 μl biotinylated LFA lectin, washed twice with PBS, incubated at 4˚C for 20 min with 5 μl avidin-FITC and washed twice with PBS. Fluorescence intensities were analyzed with a FACS Calibur.
Galectin-3-induced death of HBL-2 cells. HBL-2 cells (5x10
5 /ml) were grown in 96-well plates containing 100 μl of RPMI-1640/15% fetal calf serum and with or without 15 μM human galectin-3. After 48 h, the number of viable cells remaining in each well was assessed by Trypan blue dye exclusion. All experiments were performed in duplicate or triplicate. To evaluate the effect of inhibiting cell surface N-glycans on galectin-3-induced cell death, HBL-2 cells (1x10 7 ) were incubated in 20 ml of RPMI-1640/15% fetal calf serum containing 8 μl of 2.5 μg/μl SW in ethanol (final concentration 1 μg/ml) at 37˚C for 24 h before incubation with galectin-3. Controls were incubated under the same conditions except with 8 μl of ethanol in place of the SW solution.
To evaluate the effects of cell surface desialylation in galectin-3-induced cell death, 5x10 6 cells were preincubated at 37˚C for 30 min in 200 μl of RPMI-1640/15% fetal calf serum and 40 μl of 1 U/ml Vibrio Cholerae neuraminidase (final concentration 0.2 U/ml) before incubation with galectin-3.
Morphological evaluation in galectin-3-induced cell death.
The extent of cell death induced by galectin-3 was morphologically evaluated by Giemsa staining.
Annexin V assay. HBL-2 cells (5x10 6 ) were treated with galectin-3 (30 μM) in 2.5 ml of RPMI-1640/15% fetal calf serum. After 48 h, the cells were incubated in 100 μl reaction buffer containing 2 μl annexin V-FITC according to the manufacturer's instructions (23) . The annexin V reactivity was then analyzed with a FACS Calibur.
Results

Expression of N-glycans and sialic acids on HBL-2 cells.
A flow cytometric analysis showed a reduction of L-PHA reactivity in HBL-2 cells treated with SW (Fig. 1a) . A reduction in the expression of L-PHA-reactive oligosaccharides continued for 24 h (data not shown). In contrast, SW did not affect PNA reactivity (Fig. 1b) . Furthermore, LFA reactivity was reduced after neuraminidase treatment (Fig. 1c) .
Galectin-3-induced death of HBL-2 cells.
Galectin-3 induced the death of HBL-2 cells (Fig. 2A) . This galectin-3-induced cell death was inhibited by treatment with 1 μg/ml SW (Fig. 2B) and enhanced by treatment with neuraminidase (Fig. 2C) .
Morphology of galectin-3-induced cell death.
A morphological examination revealed chromatin condensation and nuclear fragmentation during galectin-3-induced cell death. This is consistent with the induction of apoptosis (Fig. 3) .
Annexin V assay of galectin-3-induced cell death. Apoptosis was examined in HBL-2 cells treated for 48 h with 30 μM of galectin-3. To analyze the early stages of apoptosis, gate analysis was performed on non-necrotic cell fractions (monotonous cell population in the gate) (Fig. 4a ). There were more annexin V-positive cells in the galectin-3-treated condition ( Fig. 4c; 50% ) than in the control ( Fig. 4b; 33% ).
Discussion
Galectin-3 is a novel anti-apoptotic molecule containing a functional bcl-2 family BH1 (NWGR) domain (17) that protects cells from apoptosis by inhibiting cytochrome c release from mitochondria (18) . When added to the exterior of cells, however, galectin-3 induces apoptosis by interacting with terminal galactose residues on cell surface glycans (19) . In the present study, we showed that exogenous galectin-3 induces the death of HBL-2 human DLBCL cells. Annexin V assays and a morphological examination revealed that (24, 25) . Further investigations will be needed to elucidate the interaction between galectin-3 and its ligand proteins in galectin-3-induced apoptosis.
L-PHA-reactive oligosaccharide is one of the complextype N-linked oligosaccharides and is synthesized by Nacetylglucosaminyltransferase V (26) . Studies in murine lymphoma cell lines suggest that elevated levels of ß1-6 branching in L-PHA-reactive oligosaccharides correspond with high metastatic potential (27) . This branching is catalyzed by N-acetylglucosaminyltransferase V, whose transcription is regulated by proto-oncogenes such as those of the Ets family (28) . High expression of N-acetylglucosaminyltransferase V correlates with a poor prognosis in colonic carcinoma (29) and an increased expression of L-PHA-reactive oligosaccharides is associated with an advanced clinical stage in colonic carcinoma as well as with malignant transformation in breast neoplasia (30) . On the other hand, loss of L-PHA reactive oligosaccharides is closely associated with a worse prognosis in patients with DLBCL (31, 32) .
The present study showed that SW treatment inhibits galectin-3-induced apoptosis in HBL-2 cells. The data suggest that N-linked oligosaccharides such as L-PHA-reactive oligosaccharides are responsible for the induction of lymphoma cell apoptosis by galectin-3. Therefore, the loss of N-linked oligosaccharides may inhibit galectin-3-induced apoptosis, leading to more aggressive behavior in DLBCL as illustrated in Fig. 5A . In addition, neuraminidase treatment enhanced galectin-3-induced apoptosis in HBL-2 cells. These results suggest that cell surface sialylation can protect lymphoma cells from galectin-3-induced apoptosis. In agreement with this, sialylation of L-PHA reactive oligosaccharides has been found to be closely associated with a worse prognosis for patients with DLBCL (31, 32) . As summarized in 5B, these findings suggest that protection of lymphoma cells from galectin-3-induced apoptosis by cell surface sialylation results in more aggressive tumorigenic behavior, at least in part, by enhancing tumor cell survival and proliferation.
In conclusion, our results show that cell surface N-glycans and sialylation play an important role in galectin-3-induced apoptosis. The regulatory mechanisms mediating galectin-3-induced apoptosis contribute to tumor cell biology of human malignant lymphoma. Sialic acids are linked to the terminal galactose residues of N-glycans. As a result, galectin-3 cannot react with terminal galactose residues of N-glycans on the surface of lymphoma cells. 2) Neuraminidase removes the sialic acids from the terminal galactose residues of N-glycans, enhancing the interaction between terminal galactose residues and galectin-3, which promotes galectin-3-induced apoptosis of lymphoma cells. Thus, sialylation of cell surface oligosaccharides may inhibit galectin-3-induced apoptosis.
